Tracking the bending and internal pressure history of coiled tubing (CT) at the reel and guide arch, as it is run in and out of wells during field operations, is accepted throughout the industry as the preferred method for predicting the fatigue damage distribution along the string throughout its life. A mathematical model, relating bending strain and hoop stress (from internal pressure) to cumulative fatigue damage can be applied to this recorded field loading history. Such models determine when tubing should be retired or when tubing cuts should be made in order to maximize the utilization of the pipe while minimizing the chance of pipe failure. The problem of CT fatigue has been studied extensively in the lab, using constant pressure bend cycling and/or axial coupon testing. However, models resulting from experimental programs have seldom been correlated in the literature with CT behavior under field loading conditions. This paper presents such validation by correlating the experimentally determined cycles to failure of CT samples which have had extensive use in field operations, to predictions from an advanced predictive fatigue algorithm. The string, from which the samples were taken, had been removed from service based on criteria specified by the operating company for which the CT work was being performed. This stated that strings were to be retired after a given value of "running meters" had been reached, rather than on the actual bending and internal pressure history.
Introduction
As the performance envelope for CT well service continues to expand, the importance of being able to accurately predict fatigue damage to the pipe, induced by the tremendous bending strain the pipe is subjected to, becomes increasingly important. Fatigue damage is the primary factor used to determine when a CT string should be retired from service. There are essentially no other applications where steel alloys are subjected to cyclic loading at such high strain values. Thus, the development of mathematical models used to specifically predict fatigue damage under the conditions encountered in field operations has taken place only in the last 10 to 12 years, making it a relatively new field of study.
A considerable amount of laboratory-scale testing [1] [2] [3] , and full-scale testing [4] [5] [6] [7] under controlled conditions, have been conducted in conjunction with the development of existing predictive fatigue models. However, there has been very little correlation between the data generated by these fatigue models and the actual fatigue damage observed in pipe that has seen extensive use in field operations. Lack of such validation still leads some service companies and operating companies to base CT string retirement criteria on the concept of "running feet/meters". This is defined as the distance traveled by the pipe as it is run off the reel and over the guide arch, typically measured in one direction only. In other words, a single trip in and out of a 10,000 ft well would be interpreted as 10,000 running feet. While this concept does give a measure of the utilization of the CT, it ignores the effects of internal pressure, the effects of localized repetitive cycling (which can lead to untracked fatigue "spikes"), variations in wall thickness of tapered strings, and the severity of the bending strain the CT has been subjected to.
This paper presents the results of laboratory fatigue testing on a CT string that was retired from service based on it accumulating a predetermined value of running meters set by the operating company. This criterion was imposed on all CT service companies and was based on the operating companies past experiences with CT failures. This criterion had been in place since the 1980's and predated the advent of any predictive CT fatigue models. strings usage had been recorded by a wellsite data acquisition system (DAS) used by the CT service provider. This job history had been used as input to a predictive fatigue model (subsequently described) to create a cumulative record of fatigue damage versus length. This model indicated that less than 12% of the theoretical life of the string had been lost due to fatigue damage (Figure 1 ). The same model that was used to track the fatigue of this string in the field was also used to predict the number of cycles to failure of samples from the retired string that were cycled on a fatigue test machine. Thus, the comparison of the actual cycles to failure (as determined by testing), to the predictive fatigue models estimate of the remaining life of the CT provides valuable feedback as to the accuracy of the model under field loading conditions.
Description of the Fatigue Model
Extremely high bending strains (on the order of several percent) dominate the mechanical behavior of coiled tubing and lead to extremely low cyclic fatigue life (less than 1000 cycles in most cases, as few as 10 cycles under some conditions). Routinely, these fluctuating bending strains occur with a constant hoop stress due to internal pressure. This bending under internal pressure can lead to diametric growth as high as 30% during laboratory fatigue testing with a constant, internal pressure corresponding to hoop stresses of only 35% of the tubing's rated material yield strength.
Fatigue life prediction requires a detailed knowledge of the fluctuating, multi-axial stress and strain experienced by the CT. To estimate the stress and strain components reliably (i.e., the axial, hoop and radial components of stress and strain), incremental, plasticity theory is required. However, early conventional plasticity algorithms were not able to accurately model the ratcheting (ballooning) behavior of CT, nor could conventional multi-axial fatigue models adequately estimate the influence of hoop stress on fatigue damage development.
This led to the development of customized, incremental plasticity theories 1, 2 that were capable of predicting transverse ratcheting under multi-axial cyclic loading. In addition, new multi-axial fatigue damage algorithms were developed to account for the complex stress and strain state experienced by CT The first plasticity-based algorithm, developed for CT 1 , utilized an 8-surface "field of plastic moduli" concept 8, 9 . The von Mises yield surfaces in this model are controlled by a Garud kinematic hardening rule, with the conventional normality flow rule. The model permits the overestimation of transverse ratcheting strains, but accounts for this empirically by correlating damage with the mean value of a von Mises equivalent strain which grows throughout life during constant pressure cycling. The empirical data comes from two sources. The first is constant pressure fatigue tests conducted on coiled tubing samples. Initially such data were generated using fullscale CT deployment equipment 7 and ultimately with laboratory fatigue testing fixtures ( 3 . These data provide the cyclic stress-strain curve used to relate stress and strain computation in the plasticity model, as well as the baseline strain-life fatigue damage function for the material.
The stress-strain components from the plasticity model are used to compute equivalent strain amplitude based on fluctuating and mean von Mises strains computed for a particular cycle of loading. The equivalent strain amplitude is used with the uniaxial strain-life relation, as described by a Manson-Coffin 10,11 rule using the Ramberg-Osgood relation 12 , to estimate the damage associated with a particular cycle of loading. An empirical parameter uses the constant-pressure fatigue data to map the equivalent strain back to the baseline Manson-Coffin curve.
The damage for each cycle is computed based on Palmgren-Miner linear damage summation, but since the equivalent strain increases for each cycle of loading (when internal pressure is present) the damage accumulation is nonlinear. In other words, when CT is cycled under internal pressure, cycles imposed later in life are considered to consume more damage than cycles imposed earlier in life.
More recent plasticity models were developed for CT to more accurately model ratcheting by use of a modified hardening rule 2 or flow rule. Both are capable of more accurate characterization of diametric growth and wall thinning. The most recent fatigue model, used for the testing in this paper and in the fatigue prediction software used by the CT service provider, utilizes a modified flow rule, based on diametric growth measurements from constant pressure fatigue data. The approach makes use of standard low-cycle fatigue data in the same way as its predecessor, but more accurately defaults to standard low-cycle and high-cycle analysis for smaller strain amplitudes.
Field Samples A 1.5" diameter, 90 kpsi yield strength tapered string was placed in service in 2002. This string was used for nitrogen lift, solvent circulation to treat asphaltene deposits, and calcium carbonate scale removal using downhole motors in conjunction with hydrochloric acid circulation. Following acid exposure, the string was treated with a neutralizing solution and blown dry with N 2 . Typical wells on which treatments were performed were deep (16000-18000 ft) but with low BHP. Pump pressures seldom exceeded 3500 psi during treatments, so all cycling of the CT took place with fairly low internal pressure.
In accordance with the customer's general criteria for string retirement, when the total "running meters" reached approximately 250,000, the string was to be retired. This occurred in May 2002, with a total of 298,000 running meters accumulated. In this case, "running meters" was defined as distance run in both directions, rather then one direction. When expressed as distance run in one direction only, as is typically the case, the value at the time the string was removed from service was only 149,000 running meters. Accurate records of bending history and internal pressure as a function of length had been recorded for each of the 30 jobs the string had performed. These were used as input for a predictive fatigue model (previously described) widely used throughout the CT industry. A record of the predicted fatigue damage on the string is shown in Figure 1 . Note that the fatigue model has predicted that the string has accumulated less then 12% of the fatigue damage required to cause a failure at the most damaged spot, suggesting that the string could safely be kept in service far longer then it had been. To determine if the fatigue model indications were accurate, the service provider submitted samples for fatigue and yield strength testing at the CT manufacturer's facility.
Testing
Seven samples, approximately two meters in length each, were submitted for testing. The sample locations, in relation to its distance from the core end of the string as it was deployed in the field, are shown in Figure 1 . Outside diameter and wall thickness of each sample was measured. In all cases, the diameter of the utilized pipe fell within the original tolerances allowed for new pipe, indicating essentially no OD growth had taken place. This is not surprising since cycling with low internal pressure was the norm during the string's work history. Also, according to the fatigue model prediction shown in Figure 1 , fatigue damage in the string was minimal at the time it was retired from service.
Each sample was then placed in a fatigue testing machine (Figure 2a ) with the longitudinal weld seam against a 48 inch radius bend-block. The samples were internally pressured to 3000 psi and cycled to failure. Cycle results are shown in Table 1 , column 4. Following the cycling test, the top part of the sample, which had not been cycled, was tested for yield strength and tensile strength. These results are shown in Table  1 , column 10 and 12, respectively. For reference, the original values for yield and tensile strength, measured by the manufacturer before the string was put into service, are shown in Table 1 , columns 9 and 11 respectively.
Comparisons

Fatigue Data
For comparison to experimental data, the fatigue model was run for each case, using the nominal wall thickness for each sample. In cases where measured wall thickness exceeded the nominal wall thickness, this higher value was used as input. The model was run assuming 3000 psi internal pressure in the CT and a bend radius of 48 inches, which were the conditions under which the actual testing was carried out on the fatigue testing machine. Output from the model is presented in terms of predicted cycles to failure at 3000 psi, assuming no defects are present in the wall of the tubing. A graphical comparison of the actual cycles to failure determined from testing and those predicted by the mathematical model is shown in Figure 3 . Measured wall thickness prior to testing for each point is also shown. Agreement between the test points and predicted points is excellent, given the inherent scatter expected in fatigue testing data, particularly when hoop stress is low.
The variation between the actual test data and the predicted values, expressed as the percentage of difference between the values, is shown in Figure 4 . In every case, the deviation between the predicted value, after correction for prior fatigue history, and the tested value is within 20%. For Samples 1 through 6, predicted values are higher than, or just slightly below the test value, suggesting that some degree of nonconservatism is inherent in the model, at least in the narrow range of conditions covered in this sample set. It should be noted that no safety factor is being applied in this comparison. This would typically not be the case when using fatigue tracking software models in field application, where safety factors on the order of 1.25 or higher are routinely applied. However, Sample 7 had a predicted value 19.5% lower then the tested value. Since this point alone deviates from the trend of the other points, it may indicate some sort of localized anomaly in the sample, though none was specifically identifiable Tensile Data A comparison of the original and tested values for yield strength (measured by the 0.2% elongation method after loading the sample to 80% of the yield strength to straighten it) and tensile strength for the seven samples is shown in Figure 5 . This comparison shows that the yield strength has fallen from values in the 90 kpsi range, immediately after manufacture, to values in the 70 kpsi range despite the relatively small degree of fatigue damage. This is not unexpected, since yield strength is well known to decrease after relatively little cycling in field operations, while tensile strength remains largely unaffected 13 . While this change is accounted for in fatigue modeling, the CT user still needs to be aware of this reduction in yield strength, especially in situations where loss of yield strength could present operational problems, such as when high axial loads are applied or in high pressure applications, where the potential for CT collapse must be considered.
The tensile strength has fallen only slightly in most cases, in comparison to the yield strength reductions. Five of the seven samples showed reduction in tensile strength of less then 5% when compared to the original values. However, Samples 5 and 6 showed reductions of 10-15%. Both of these samples had wall thickness values of 0.095" and were located fairly close to the free end of the pipe. This higher loss could be attributable to the presence of pitting in those sections, since they are in the thinnest wall section of the string and in the region which has seen the most cycling.
Application of Test Results
Since the actual number of cycles to failure, as determined from the testing, matches well with that predicted by the mathematical model, it can be concluded that the fatigue plot shown in Figure 1 was an accurate depiction of the state of fatigue damage in this string at the time it was retired from service. Since this plot indicates that less then 12% of the usable fatigue life had been expended, at the point with the highest fatigue damage, it is also reasonable to conclude that this pipe could have been utilized far beyond the 149,000 running meters accumulated on the string at the time the samples were tested. However, as noted in the description of the fatigue model, the rate of fatigue damage accumulation is non-linear, even under controlled conditions. So it isn't possible to state with any certainty just how many more jobs the string could have performed. Also, factors other than fatigue from plastic bending events invariably play a role in how long a string can be kept in service. Surface defects, due to corrosion or mechanical damage to the exterior of the tubing, will certainly play a role in the decision of when to retire a string, and at present, are not included in fatigue models intended for field use.
Based on the results of this study, and the general realization that the concept of using "running meters" as a measure of fatigue damage is not an effective method for determining the likelihood of a CT failure, the operating company revised their criteria for string retirement. The decision of when to retire a string will now be left to service providers, with the stipulation that accurate records of the strings bending history and internal pressure at the time of bending will be kept. These records will then be used as input for fatigue modeling software, such as the commercially available program described in this paper, to keep a history of cumulative fatigue damage on all strings in use.
Conclusions
1. The fatigue model discussed in this paper was able to accurately predict the number of cycles to failure observed in the 1.5" CT string in question, in lab bending tests performed on a 48 inch radius bending block at a constant pressure of 3000 psi. 2. The string tested was prematurely retired from service and could have been used on many more operations than allowed by the criterion of 125,000 running meters, adding value both for the service provider and the operating company. 3. Because of the agreement observed with experimental results, it is reasonable to assume the fatigue model discussed in this paper provides accurate estimates of the fatigue damage status of similar strings used in field operations. More feedback from field loading situations is desireable. 
